The Paternò-Büchi photocycloaddition reaction is used as the basis for physical-organic final-year undergraduate laboratory experiments designed to emphasize the multidisciplinary approach to modern-day chemical practice. These reactions are performed using commercially available LED-based light sources, which offer a 
INTRODUCTION
Although a large number of photochemical organic transformations have been reported in the research literature, including as key steps towards the synthesis of 40 natural products, 1 the true potential of photochemistry has not yet been fully exploited.
This aversion to photochemistry appears to be due to a general lack of familiarity and the view that it is experimentally inconvenient or unselective. 1b,2 Typically, high-power, omnidirectional Hg lamps (usually with water cooling) are used, which carry considerable practical and safety implications. However, the availability of light-emitting 45 diode (LED) technology now offers a means to address these shortcomings, especially in the context of an undergraduate laboratory where reliability, robustness and safety are key considerations. LEDs are entirely solid-state and therefore lack the fragility of classical glass lamps. Their low heat generation also means that passive cooling is sufficient. They are able to provide variable power, directional, near monochromatic 50 light (typically 7.5 nm full width half maximum at 365 nm) at essentially any desired wavelength, therefore enabling highly selective reactions.
The archetypal example of organic photochemistry for undergraduates is the E,Z isomerisation of olefins. 3 However, these reactions are synthetically limited in scope and there are relatively few examples of reactions that are relevant for modern synthetic 55 chemistry, 2b such as photocycloadditions. The development of a photocycloaddition reaction in a laboratory education setting offers the opportunity for students to contextualise their knowledge of spectroscopy (analytical chemistry), kinetics (physical chemistry) and mechanism (organic chemistry) in a holistic manner that combines subjects normally taught separately.
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In reviewing the organic photochemistry literature, the Paternò-Büchi (PB Thus far, this experiment has been completed by 28 students in a synthetic 95 chemistry laboratory course on three occasions.
EXPERIMENTAL
The photolysis apparatus is assembled using mounted high-power LEDs emitting at 365 nm connected to a cuvette holder (Thorlabs, NJ). The LED is powered by a driver providing a constant current of 700 mA, corresponding to a nominal LED power output The students conduct the practical experimentation individually, but at the start of 105 the program each is assigned a specified amount of furan that they should use for the PB reactions. Each student calculates the observed rate constant for their assigned amount of furan, but then combine their data to calculate the overall rate constant.
This experimental program is divided into five, two-day sessions and spread over a five week period (i.e., two consecutive days per week). The entire program can be run over In a typical laboratory session, the first day involves time-dependent measurements 125 of a PB reaction. Each student is assigned a different, but known, amount of 1 to react with the chosen aldehyde for that session. The consumption of the aldehyde is measured by UV-Vis spectrophotometry (350 nm) of the reaction mixture, and students use these data to plot a time course for the experiment, calculate the observed rate constant, kobs, and differential quantum yield, Φ.
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In order to achieve reasonable linear correlations and convenient experimental execution, it is recommended that an aldehyde starting concentration of 0.004 M and between 0.04 -0.29 M of furan is used. This mixture is placed in a quartz cuvette and irradiated in the photolysis apparatus. At specified time intervals, t (between 5 -120 min), the UV-Vis absorbance is recorded. As each student is using a different quantity
Journal of Chemical Education 9/13/19 Page 7 of 15 of furan, all students pool their data to calculate the actual rate constant (k) from the kobs they had previously individually determined.
At the end of the first day, students perform a larger-scale PB experiment that is allowed to progress overnight. On the second day, students isolate and fully characterise the oxetane product using MS, NMR and IR spectroscopy, thereby 140 providing training in (semi)preparative-scale organic photochemistry.
HAZARDS
As with any chemistry experiment, students must apply Good Laboratory Practice and wear appropriate protective equipment. The PB reaction employs UV light in the "UVA" region but the unidirectional LED source contained within the cuvette holder 145 means that only small amounts of scattered or reflected rays are emitted from the opening of the cuvette holder. Standard personal protective equipment (laboratory coat, nitrile gloves, polycarbonate safety spectacles) offers sufficient protection, but, as an added precaution, students are instructed that while the LED is activated the cuvette holder should be covered with aluminum foil. They are also advised to switch off the 150 LED when inserting or removing cuvettes.
The aldehydes require no special precautions, but furan is toxic by inhalation and should be handled in a well-ventilated area, preferably a fume hood. Toluene and chloroform are harmful by inhalation. The hazards of the oxetane products have not been formally assessed, so students are advised to assume they are toxic and to handle 155 them with the commensurate precautions.
RESULTS AND DISCUSSION

LED Photolysis Apparatus
Although there are a large number of commercial LED suppliers, a balance between ease of assembly, operation and cost-effectiveness was considered. For this purpose, a modular optical apparatus was employed, using LEDs that were pre-mounted with 
where kobs is the observed rate constant assuming [furan] ≈ constant (eq 3):
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Under pseudo-first-order conditions, the data may be fitted to the integral of eq 2.
Incorporation of the Beer-Lambert law modifies this equation to use the UV-Vis
absorbance rather than the concentration of the aldehyde (eq 4): 
where A350 is the UV-Vis absorbance at 350 nm, 350 0 is the absorbance when t = 0, ε350 is the molar absorbance coefficient at 350 nm and l is the cuvette pathlength.
Students used their data to plot graphs of ln(A350) against t, where the slope of the best-fit line is -kobs (Figure 1) . This graph was plotted using student-generated data.
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Once the observed rate constants were calculated for a series of furan concentrations, a plot of kobs against [furan] (eq 3) gives k from the slope of the best-fit line for the benzaldehyde ( Figure 2) ; for the formation of 5, 6 and 7, the k values were 7.57 ± 1.84, 4.05 ± 1.86 and 32.68 ± 11.69 × 10 -4 M -1 s -1 , respectively. found to be the easiest to implement, as its results are not strongly influenced by temperature or the presence of oxygen. 9 Using this actinometer, a rate of photon delivery, q, of 2.48 ± 1.07 × 10 -8 mol s -1 was typically achieved by students.
The differential quantum yield at 365 nm, Φ365, taking into account the volume of the reaction mixture, can be calculated using eq 5: 
where V is the volume of the reaction mixture and A365 is the UV-Vis absorbance at 365 nm. Since Φ365 is dependent on the concentrations of the reactants, the IUPAC recommends that the initial differential quantum yield is reported using the starting concentrations and initial A365. however, that, since differential quantum yields are dependent on the rate of reaction, the final values that students achieve will depend on the actual concentration of furan they used.
Students compared and contrasted the calculated values of the different 225 benzaldehydes with respect to the electron donating or withdrawing nature of the substituents. The electron donating methoxy substituent resulted in a higher rate constant and quantum yield; while the electron withdrawing chloro substituent gave the opposite effect (see Instructors' Notes in Supporting Information for detailed discussion).
Compound Analysis and Characterization
As an exercise in organic compound characterisation, students undertook the full chemical characterization of the oxetane products. By performing the PB reaction on a larger scale, they isolated sufficient material to enable analysis of the product by NMR and IR spectroscopy to confirm its structure.
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The regiochemistry was unambiguously assigned by a diagnostic 1 H-NMR doublet between 6.4 -6.6 ppm corresponding to the acetal proton (see representative student 1 H NMR spectra in the Supporting Information). The relative exo-stereochemistry was assigned using NOESY NMR experiments. 5b In the case of the benzaldehyde adduct 5, it was also possible to determine the stereochemistry by comparison of the 1 H-NMR 240 spectra of the endo-and exo-adducts since the proton that is facing the aromatic ring is shielded by the induced ring current (see Instructors' Notes in Supporting Information).
The students can confirm the purity of the oxetane products from the IR spectra.
Here, the strong absorbances corresponding to the carbonyl stretch in the benzaldehyde starting materials are abolished in the resulting products. Since this signal is typically observable in the student acquired IR spectra for oxetane 6 that was produced from the chlorobenzaldehyde 3, where the separation of the product from the starting material is more difficult. This result can also be confirmed by the presence of a signal 250 corresponding to the aldehyde proton in the 1 H NMR spectrum (see supporting information for student acquired IR and NMR spectra for this compound).
The data from the MS also serve to support the presence of expected oxetanes. In all cases a peak corresponding to the molecular ion is observed, in addition to peaks corresponding to fragment ions for the (substituted) phenyl ring. In the case of oxetane 
Student Commentary
An analysis of the students' written reports and their feedback (based on a formal 260 questionnaire) indicated that students coped well with the experimental work and were able to extract the relevant constants by processing of the collected data. In general, the best students commented that the kinetics calculations were straightforward. The isolation of the oxetanes was generally carried out well by the students for 5 and 7, with good levels of purities achieved. The purity of the chlorinated oxetane 6 generally 265 achieved was lower, primarily due to the students' lower proficiency with column chromatography. Nevertheless, spectroscopic analysis and assignments of the signals was generally successfully carried out by the students with minimal aid by the teaching assistants or instructors.
In regards to the discussion of the results, most students were less able to observed regio-and stereochemistry (why is the exo product preferred?). In this regard, guidance from teaching assistants was often needed to help students contextualise their 275 results. Nevertheless, the overall aim of exposing students to a holistic experimental program, where topics taught separately must be combined to rationalise the observed results, was achieved. Furthermore, all students found the LED apparatus easy to operate. In all cases, students were able to employ the apparatus for their experiments with no intervention after just two demonstrations.
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CONCLUSIONS AND OVERVIEW
The implementation of the photochemical Paternò-Büchi reaction in an undergraduate laboratory was described. The LED-based photolysis apparatus was found to be safe, robust and convenient to operate. The chosen modular design also allowed for the easy modification of the apparatus and the experiment was scalable to 285 any size, being limited only by the availability of equipment (photolysis apparatus and UV-Vis spectrophotometer).
This laboratory experiment was deliberately broad-based, covering photochemistry, spectroscopy, organic chemistry and chemical kinetics in order to demonstrate to students how varied subjects are brought to bear in modern chemical practice. Indeed,
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there is sufficient scope in this basic experimental framework for a range of exercises and problems, such as actinometry and quantum yield determination, as well as organic structure elucidation by MS, IR and NMR spectroscopy.
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Student handout; instructor/demonstrator notes (containing full explanation of kinetics analysis, trouble-shooting and developmental notes); appendix containing information on experimental apparatus and reagents; example student-generated NMR and IR spectra. This material is available via the Internet at http://pubs.acs.org. Koehler and Andrew C. Regan for helpful discussions and advice.
